ABSTRAn. The rate of calcium deposition in bone (Yo+) and the size of the exchangeable calcium pool in bone (EP) were measured in 50 girls aged 4.9 to 16.7 y using i.v. administered 42Ca. Both Yo+ and EP reached a maximum during early puberty and decreased in late puberty and more than 2 y postmenarche. In contrast, the initial mass of calcium distribution did not decrease in late puberty. The ratio of calcium deposition in bone to the exchangeable pool size, i.e. k.+ = Vo+/EP, was more closely correlated with length of time since menarche ( r = 0.83, p < 0.001) than with age (r = 0.65, p < 0.001), weight ( r = 0.51, p < 0.001), or body mass index ( r = 0.28, p = 0.05). The lower ko+ in late puberty indicates that as bone matures the fraction of the calcium pool that enters bone decreases. (Pediatr Res 34: 455-459, 1993) Abbreviations Yo+, rate of calcium deposition in bone EP, exchangeable calcium pool in bone MPCa, initial mass of calcium distribution k.+, rate constant for calcium deposition FSD, fractional standard deviation BMC, bone mineral content BMD, bone mineral density Puberty is recognized as a period of maximal growth, with the peak rate of bone mass accumulation and calcium retention occurring during this period (1 -3). Current recommendations for calcium intake in children suggest an increased intake beginning at 1 1 y of age, which is after the onset of puberty in many girls ( I, 4).
Puberty is recognized as a period of maximal growth, with the peak rate of bone mass accumulation and calcium retention occurring during this period (1 -3). Current recommendations for calcium intake in children suggest an increased intake beginning at 1 1 y of age, which is after the onset of puberty in many girls ( I, 4) .
Although previous studies have demonstrated the importance of pubertal development on bone mineralization, they have not specifically described the changes in calcium metabolism that accompany this development. The use of stable isotopes permits the evaluation of the kinetic parameters of calcium metabolism in children, including the V, ' andathe mass of the EP. The ratio of the these parameters, k,+, provides a measure of the fraction of the calcium that enters the skeleton per unit time (5) .
A previous study reported that each of these parameters of calcium metabolism was higher in children than in adults (5) .
The present study was designed to evaluate the developmental course of these kinetic parameters in girls and relate them to pubertal and anthropometric changes.
MATERIALS AND METHODS

Study design.
Fifty healthy girls aged 4.9-16.7 y were enrolled and completed this study. Thirty-nine subjects were Caucasian, six were African-American, two Asian, two Hispanic, and one had one Caucasian and one African-American parent. Results for the kinetic parameters EP and V, ' for seven of the 50 subjects have been previously reported (6) .
Written informed consent was obtained from the parents for each study, with written assent obtained from children aged 7 and older. The Institutional Review Board of Baylor College of Medicine approved this protocol. Stable isotope studies were performed as described previously (5) (6) (7) . Each study was begun approximately I h after the subject received her usual breakfast. For this study, 0.08 mg/kg 4'Ca was given i.v. to each subject over 5 min; serum samples were drawn via a "heparin loc" catheter at 6, 12, 20, 30, 45, 60, 120, 180, 240 , and 480 min after the end of the tracer infusion. Subjects were asked to void before the infusion and to complete a 24-h urine collection (in 8-h aliquots) while at the Metabolic Research Unit ofthe USDA/ ARS Children's Nutrition Research Center in Houston, TX. After completion of the urine collection, subjects were discharged and instructed to collect three spot urine samples daily (first morning, midday, and before bedtime) for 6 additional d. All serum and urine samples were analyzed for isotope ratio by thermal ionization mass spectrometry as described below. Total urinary calcium excretion was measured during the first 24 h.
Three-d dietary records were maintained beginning with the study day for each subject. Subjects were given a diet similar to their usual home diet (as determined by 24-h recall) while at the Children's Nutrition Research Center.
Subjects were asked to identify their Tanner stage (stage 1-5) by circling a picture that most closely matched their own development (8). Small children were assisted by their parents. Tanner stage in this report refers to the self-reported breast staging (9). Post-menarcheal subjects were questioned to identify the month they had reached menarche.
Sample ana1.vsis. Urine and serum samples were prepared for mass spectrometric analysis as previously described using an oxalate precipitation technique (5, 6 The SAAM (simulation, analysis, and modeling) program was used to determine the linear least-squares best-fit curve to the data and to calculate the coefficients A, and exponents a, in equation 1 for each subject. As previously described (5) . the EP is derived from the intercept of the third term of equation 1:
The rate at which calcium moved from the EP into the skeleton is indicated by Vo+ and calculated as:
The mass of the EP is calculated from equation 2 after correcting for the dose administered and the fractional abundance of the isotope administered. The fractional abundance represents the naturally occurring fraction of Ca of the administered isotope (i.e. 0.00646 for 42Ca). The third component of equation 1 (A3e-"3') and therefore EP and V, ' , were principally derived from the urine disappearance curve between 24 and 120 h after tracer administration. Endogenous excretion in equation 3 was estimated as 1.5 mg. kg-' .d-'. As previously shown, the effects in children of using an estimation of endogenous excretion on the calculated Vo+ are negligible (5) .
The reliability of the calculated values is represented by the FSD of the coefficients and exponents of equation 1. We have previously described the methods for determining the FSD for the calculated kinetic parameters (equations 2 and 3) (5). Based on 25-30 samples for each subject, the FSD was generally 3-5% for each kinetic parameter.
The intercept at t = 0 in equation 1, i.e.. y = S(Al + Az + A3), enabled the direct calculation of the apparent initial mass of distribution of the tracer. This has previously been referred to as the mass of the rapidly turning over pool, MPCa (10).
The rate constant for bone calcium deposition, k,+. is calculated as the ratio of V,+/EP and is expressed as d-'.
Statistical anal~~sis. Comparison of kinetic parameters among subjects who were prepubertal (Tanner stage I), early pubertal (Tanner stages 2 and 3). and late pubertal (Tanner stages 4 and 5) was done by analysis of variance techniques. After identifying significant differences among the three groups ( p < 0.01) by analysis of variance, the Fisher's least significant difference test was used to identify significant pair-wise group differences.
The relationship between kinetic parameters and months since menarche was evaluated by linear regression analysis. The relationships among age, weight, body mass index, and time since menarche and kinetic parameters were evaluated by multiple regression analysis. In this analysis, the effect of I ) one of the anthropometric variables and 2) time since menarche was evaluated verslts the desired kinetic variable. All results listed are presented as the mean + SD.
RESULTS
Characteristics of the study population as grouped by pubertal development are shown in Table I . Individual results for each subject are contained in Table 2 . Serum Ca, phosphorus, and albumin were within the normal range for all study subjects. All subjects had both height and weight 2 scores between -2.0 and 2.0 except for one early-pubertal subject whose height z score was 2.1 and weight 2 score was 3.5. Mean calcium intake was 933 + 263 mg/d (SD) and was not related to age, pubertal, or menarcheal status.
Results for kinetic parameters based on pubertal development are shown in Table 3 . EP and V, ' were greatest in early pubertal girls. The k,+ was significantly greater in prepubertal and early pubertal girls than in late pubertal girls.
The relationship between months since menarche and kinetic parameters are shown in Figures 1-3 . Early postmenarcheal subjects had kinetic parameters similar to those of premenarcheal subjects. All subjects more that 24 mo postmenarche, however, had lower EP and Vc,+. The number of subjects studied during the first 24 mo after menarche was small (n = 6) and limited more detailed analvsis of ~reciselv when the decreases occurred and the rates at w$ch the; decreased.
Follow-up of all premenarcheal subjects for at least 6 mo identified two girls who reached menarche 6 mo after the study was performed. Results from these two subjects (during their initial premenarcheal study) were similar to those of the early postmenarcheal females: k,+ averaged 0.37 d-'. EP averaged 6.62 g, and V,,' averaged 2.24 g/d. These values were virtually identical to the values for early postmenarcheal females and suggested that there were no distinct changes in kinetic parameters associated with the onset of menarche.
When evaluated pair-wise using linear regression analysis, k,+ was more closely correlated with length of time since menarche Multiple regression analysis showed that EP and C' , , ' were more closely correlated with the number of months postmenarche than with age, weight, height, or body mass index. The k,+ was more closely related to months postmenarche ( p = 0.0002) than age ( p = 0.014).
MPCa increased in early and late pubertal girls compared with prepubertal girls. (Table 3) . Combining data from all groups showed a mean MPCa of 18 + 6 mg/kg. which was not different among pubertal groups.
DISCUSSION
We have demonstrated a decline in the calcium kinetic parameters associated with bone calcium deposition during the late pubertal, postmenarcheal period in adolescent females. We found much lower V,+ and k,+ for girls in this study who were more than 24 rno postmenarche (Figs. 2 and 3 ) than for prepubertal and early pubertal girls. The lower k,+ in late puberty demonstrates that as bone matures there is a decrease in the fraction of the exchangeable pool that enters bone.
Our data showing decreased calcium kinetic parameters during late puberty are in agreement with bone density studies that demonstrate the relatively greater importance of early adolescence compared with late adolescence in accumulating bone mass (2, 3, 1 1-1 5). Gordon cJl al. ( 13) demonstrated that little increase occurs in lumbar spine BMC or BMD after age 14. On the basis of lumbar spine densitometric data, the authors concluded that "in females. the puberty-associated contributions to peak bone mass are 39% for BMD and 55% for BMC." Bonjour et al. (14) also looked at bone mineralization after menarche and found a "substantial augmentation" in BMC and BMD during Table 3 . Calcizim kinetic parameters in study subjecls calcium deposition activity is lower in late puberty than in early puberty, it remains greater than in adulthood. These results are consistent with reports by Matkovic (I 6) and Recker el al. ( 17) demonstrating an increase in bone mass during the third decade of life. The degree to which bone mineralization can be affected by large calcium intakes remains uncertain. Previous studies, however, have suggested that calcium intake does not have a major effect on V,+ and it is unlikely that increasing calcium intake after puberty would significantly increase V, , ' ( 1 8). Nevertheless, the long-term effects of increasing calcium intake on V,+ and k, ' at any age are unknown.
One important distinction between measurements of BMC or BMD and those of calcium kinetics is that the kinetic measurements may enable the rapid assessment of changes that occur with disease or therapeutic intervention. It is probable that changes in calcium kinetic parameters precede measurable changes in bone density, but this has not been demonstrated.
We found that developmental changes in the time zero distribution of tracer (MPCa) were unlike those of the EP in that the size of the MPCa increased in late puberty. On a body weight basis. this pool size was comparable among girls of different pubertal status and adults (previously reported) (19). Using i.v. Ca loading, Bronner el al. (20) (21) (22) have shown that approximately 80% of the initial distribution of Ca is external to plasma.
Consistent with most previous reports. we have used a sum of exponentials approach to calculate the Ca kinetic parameters. The coefficients and exponents used in these calculations lead to pool sizes and V, ' that are mathematically determined entities, i.e. no direct anatomical or physiologic correlates can be made. The method we have used to determine the EP, in which the third term of the sum of exponentials is used, may be viewed as representing the approximate distribution volume of tracer at 24 h after tracer injection. Unquestionably, there are inhomogeneities in the EP as described by this method. Bronner, however. showed that results from this approach are similar to those obtained by other multicompartmental analysis techniques (23, 24) .
Previous studies have used autoradiographic labeling to demonstrate the time-dependent distribution of calcium in bone, and the results demonstrate that during the first 24-h a majority of injected calcium is distributed in newly formed, principally trabecular bone (5, 25) . V, ' may therefore represent Ca transfer into this superficial bone with subsequent exchange into deeper bone pools. These issues have been extensively reviewed previously (5, 17. 20, 26) .
Although some authors have suggested that longer kinetic studies are necessary to define more slowly turning over pools (22, 27) , numerous studies have demonstrated that 7-d studies enable the calculation of useful kinetic parameters by which to assess both developmental changes and maladaptations. For example, differences associated with abnormalities of mineral metabolism and with menopausal changes have been identified with this approach (28) . Similarly, pregnancy leads to changes in EP and V,+ consistent with fetal mineral accretion (29) . Human and animal studies have demonstrated that these parameters are altered in situations such as hypo-and hyperparathyroidism (5, 18, 24) .
There are few previous reports of calcium kinetic parameters in children; k, ' varied from 0.32 to 0.66 d-I in the seven children aged 3-14 y previously reported (5). Bronner and Lemaire (21) showed, in 1969. that k, ' averaged 0.32 + 0.05 d-l in five boys aged 12-13 y, which is comparable to the values for pubertal females in the present study. This similarity suggests that an increased k,+ is characteristic of childhood and early puberty in both males and females. Bronner and Lemaire demonstrated that k,' is much higher in rats than in humans. They suggest that this difference is related to the larger dietary contribution of calcium to the EP size in rats and the higher V,+ in rats than greatest period of calcium transfer to bone is in the prepubertal 14. ~o n j o u r J-P, ~heint; G . -~u c h s B. Slosman D, Rizzoli R 1691 Critical years and early pubertal periods. We speculate that current recommen-
